The presence of 5-methylcytosine (5-mC) in DNA is a vital epigenetic mark in vertebrates. While the enzymes responsible for methylating DNA in vertebrates have been identified, the means by which this mark can be removed are still unclear. Recently, it has been shown that activation-induced cytidine deaminase (AID) contributes to the demethylation of DNA in certain systems. This enzyme has been intensely studied in its role as a key driver of antibody diversification in B cells, but recent observations from early development in zebrafish and mice as well as heterokaryons point to a role beyond immunology. This review takes stock of the reports linking AID and related deaminases to DNA demethylation, and describes the many important questions left to be answered in this field.
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DNA cytosine methylation is a key epigenetic mark in vertebrates. It occurs predominantly in the sequence context CpG, allowing for symmetrical strand modification and thus heritable transmission of epigenetic information through cell divisions. The means by which cytosine methylation in DNA is regulated is an issue of great interest because of its importance in differentiation (Reik 2007) , cell reprogramming (Simonsson and Gurdon 2004; Mikkelsen et al. 2008) , retroelement suppression (Walsh et al. 1998) , parental imprinting (Edwards and FergusonSmith 2007) , and X-chromosome inactivation (Sado et al. 2000) .
The majority (70%-80%) of cytosines in the sequence context CpG are methylated in differentiated cells in mammals (Ehrlich et al. 1982) . Methylation levels are much lower in regions with high CpG density, termed ''CpG islands'' (Illingworth and Bird 2009) . Methylation of such islands in the promoters of genes results in silencing (Bird 2002) and can regulate alternative promoter usage when found within gene bodies (Maunakea et al. 2010) . Additionally, cytosine methylation in non-CpG contexts has been found at significant levels in human embryonic stem (ES) cells (Ramsahoye et al. 2000) and at detectable levels in differentiated cells (Lister et al. 2009 ).
Significant progress has been made in elucidating the mechanisms of establishing and maintaining DNA methylation in vertebrates (Law and Jacobsen 2010) . The effectors of DNA cytosine methylation are the DNA methyltransferase (DNMT) family of enzymes (Goll and Bestor 2005) . DNMT3A and DNMT3B act as de novo methyltransferases, establishing the basic somatic methylation pattern early in development. In contrast, DNMT1 serves as a ''maintenance'' methyltransferase, acting on hemimethylated DNA and thereby preserving methylation state down through multiple cell divisions.
DNA cytosine methylation increases rapidly around the time of implantation but thereafter remains grossly stable (Hemberger et al. 2009 ). At the blastocyst stage, coinciding with lineage fixation, the inner cell mass has gross methylation levels equivalent to those in fully differentiated cells (Geiman and Muegge 2010) . Whether changes in DNA methylation at specific loci are a general mechanism of gene regulation in differentiated cells or one restricted to silencing of pluripotency-associated genes after early development is a controversial issue (Illingworth and Bird 2009 ).
The removal of DNA cytosine methylation in vertebrates is a far murkier subject than its addition (Ooi and Bestor 2008) . It is clear that ''passive,'' or DNA replicationdependent, demethylation can occur if DNMTs are absent or prevented from accessing newly synthesized DNA. ''Active,'' or replication-independent, demethylation has been reported to occur in a number of contexts in somatic cells (Zhu 2009 ). However, it is unclear in these cases if decreased promoter methylation is a driver of increased transcription or a downstream consequence. While active demethylation in differentiated cells remains controversial (Ooi and Bestor 2008) , there are several apparent examples in normal physiology: the paternal genome immediately after fertilization Oswald et al. 2000) , the formation of primordial germ cells (PGCs) in the embryo (Hajkova et al. 2002) , and the differentiation of peripheral blood monocytes to dendritic cells (Klug et al. 2010) .
DNA demethylation has also been described in other important contexts. Aberrant hypomethylation of oncogenes, as well as hypermethylation of tumor suppressor genes, have both been implicated in oncogenesis (Ehrlich 2009 ). Additionally, it is clear that demethylation of the promoters of certain pluripotency-associated genes, such as Oct4 and Nanog, is a requisite for ex vivo cellular reprogramming (Mikkelsen et al. 2008 ). In the relatively slow process of reprogramming by transcription factor overexpression, this demethylation is thought to occur passively. However, an active mechanism is likely involved in the fast reprogramming processes of nuclear transfer and heterokaryon formation (Yamanaka and Blau 2010) .
A number of potential mechanisms have been proposed for active demethylation in mammals (Table 1 ). The most direct posits that the methyl group could simply be enzymatically removed. The Alkb family of enzymes have been shown to demethylate 1-methyladenosine and 3-methylcytosine via oxidized intermediates, releasing the methyl carbon as formaldehyde and regenerating the original base (Falnes et al. 2002; Trewick et al. 2002) . However, no comparable Alkb family enzyme that accepts 5-methylcytosine (5-mC) as a substrate has been observed in vertebrates. The methyl-CpG-binding protein MBD2 has been proposed as such a direct DNA demethylase (Bhattacharya et al. 1999 ), but these findings could not be replicated (Bird 2002) . Furthermore, a number of studies indicate that DNA is broken and subsequently repaired during the course of demethylation (Kress et al. 2006; Barreto et al. 2007; Hajkova et al. 2010) , suggesting that the entire base is removed. A hypothesis consistent with these reports is that DNA demethylation in mammals is achieved by targeted removal of 5-mC by a glycosylase without previous modification of the base. This is thought to be the dominant mechanism of active DNA demethylation in plants, with the DME/ROS1 family of glycosylases serving this function in Arabidopsis thaliana (Zhu 2009 ). MBD4 has been proposed as such a glycosylase in mammals (Kim et al. 2009 ), although previous in vitro work found this enzyme to be far more active on thymidine than 5-mC (Zhu et al. 2000) .
Yet another proposed class of mechanisms for DNA cytosine demethylation involves alteration of 5-mC followed by removal of the altered base and subsequent replacement with unmethylated cytosine. There is evidence that this may proceed by conversion of 5-mC to a 5-mC radical by the elongator complex member Elp3 (Okada et al. 2010 ), or to thymidine by DNMT3 family enzymes under conditions of low S-adenosylmethionine (Kangaspeska et al. 2008; Metivier et al. 2008 ). It has also been shown that 5-mC can be converted to 5-hydroxymethylcytosine (5-hmC) by the enzyme TET1 (Kriaucionis and Heintz 2009; Tahiliani et al. 2009 ), raising the possibility that demethylation could proceed through this intermediate. The requirement of TET1 for proper maintenance of methylation state at the Nanog promoter in ES cells lends credence to this model (Ito et al. 2010 ). Finally, a series of recent studies have suggested that the cytidine deaminase AID (activationinduced cytidine deaminase) and its relatives are also potential candidates for agents of active DNA demethylation in vertebrates.
The classical view of AID AID was initially identified as a factor required for class switch recombination (CSR) and immunoglobulin (Ig) somatic hypermutation (SHM) (Muramatsu et al. 2000; Revy et al. 2000) . The 24-kDa protein, encoded by the Aicda gene, is conserved among jawed vertebrates and is closely related to the APOBEC family of zinc-coordinating polynucleotide cytidine deaminases (Conticello 2008) . It is well established that AID is able to convert cytosine to uracil in ssDNA, as demonstrated in Escherichia coli (Petersen-Mahrt et al. 2002) and in vitro (Bransteitter et al. 2003; Chaudhuri et al. 2003; Dickerson et al. 2003) .
In the decade since AID's discovery, a broadly accepted model for its roles in antibody diversification has emerged (Delker et al. 2009 ). AID initiates CSR and SHM by conversion of cytosine to uracil in different regions of the Ig loci (Fig. 1A) . CSR occurs as a result of the doublestranded breaks frequently produced in the course of repair of such lesions in the S regions of the IgH locus. Joining of breaks in different S regions results in a different constant region immediately downstream from the transcribed V(D)J and, consequently, to antibodies of a different isotype (Stavnezer et al. 2008) . SHM is initiated by AID cytosine deamination within the V(D)J region of Ig loci. Repair of these lesions proceeds with an unusually high error rate, leading to mutations that can alter the affinity of the encoded antibody (Peled et al. 2008) . Selection of cells bearing these mutated Igs accomplishes affinity maturation. AID is required for both of these processes: Aicda À/À mice exhibit a complete lack of secondary Ig isotypes and no somatic mutations in Ig variable regions during an immune response (Muramatsu et al. 2000) . In humans, mutations in the AICDA gene result in a similar condition known as hyper-IgM syndrome type 2 (Revy et al. 2000) .
AID beyond the immune system
Despite the lack of an obvious nonimmune phenotype in AID-deficient mice, there are signs that AID has additional functions outside of antibody diversification. Although it is expressed at highest levels in germinal center B cells, it is also found in many other cell types; namely, oocytes, PGCs, ES cells (Morgan et al. 2004) , breast tissue (Pauklin et al. 2009 ), and prostate epithelial cells (Lin et al. 2009 ), although its expression in PGCs has been challenged recently (Hajkova et al. 2010) . As AID is a DNA mutator, its expression outside of B cells cannot be dismissed as inconsequential. Indeed, AID has been shown to act beyond the Ig loci, causing point mutations (Liu et al. 2008) , double-stranded breaks (Hasham et al. 2010) , and translocations (Pasqualucci et al. 2008; Lin et al. 2009; Robbiani et al. 2009 ) throughout the genome. Through these processes, AID has been shown to contribute to tumorigenesis (Okazaki et al. 2007 ). As such, expression of AID in non-antibody-producing cells would likely be selected against in evolution unless it had some function in these tissues. Further suggestions of functions for AID beyond the immune system come from studies of lower vertebrates. As in mice, AID is expressed during early development in Danio rerio (Rai et al. 2008) , Xenopus laevis (Marr et al. 2007) , and the newt Pleurodeles waltl (Bascove and Frippiat 2010) . The broad conservation of this pattern of AID expression strongly suggests a function in early development. Studies implicating DNA deamination Morgan et al. 2004 In vitro assays, mouse tissues AID can deaminate 5-mC and is expressed in pluripotent tissues. These studies first suggested the potential for AID to act as a demethylase.
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Zebrafish early embryo AID and Apobec2 are required for demethylation of exogenous DNA in the zebrafish embryo.
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Aicda À/À and wild-type mice
The genomes of Aicda
PGCs were hypermethylated (50% increase, genome-wide) when compared with wild-type controls; however,
animals are healthy and fertile. Bhutani et al. 2010 Mouse/human heterokaryons Epigenetic reprogramming toward pluripotency, in a setting where active demethylation is required, is facilitated by AID.
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Mouse zygotes The radical SAM domain of Elp3, a component of the RNA polymerase elongator complex, is necessary for DNA demethylation at paternal pronuclei.
The first direct evidence that AID might have functions beyond the standard model of antibody diversification came in 2004, when it was shown by Petersen-Mahrt and colleagues (Morgan et al. 2004 ) that AID, along with the related cytidine deaminase APOBEC1, can convert 5-mC in ssDNA to thymidine in vitro. This observation led to the proposal that these enzymes could be the elusive vertebrate DNA cytosine demethylase. AID could initiate demethylation by a damage and repair mechanism similar to that used in SHM (Fig. 1B) . The deamination of 5-mC by AID yields thymidine. This T would then be removed by a T-G mismatch-specific glycosylase, of which two, TDG and MBD4, are known in mammals (Millar et al. 2002; Hardeland et al. 2003) . The resulting abasic site would then be replaced by an unmethylated cytidine via base excision repair (BER) processes, yielding the net removal of methylation without alteration of sequence. BER could also proceed through either short or long patch repair (Fortini and Dogliotti 2007) , potentially yielding demethylation of multiple neighboring cytosines in the latter case (Fig. 1C) . This mechanism would allow for demethylation after deamination of cytosine or 5-mC, and could give rise to the appearance of processive demethylation, despite originating from a single deamination event.
It may seem counterintuitive to invoke the mechanism of SHM to explain that of DNA demethylation, which proceeds with fidelity. However, the fact that AID-induced lesions are apparently resolved through multiple pathways makes this more plausible. At a small number of loci-most dramatically, Ig-repair of AID-induced lesions is particularly error-prone, while, at other genomic locations, it results in almost undetectable levels of mutation (Liu et al. 2008) . How these different pathways are selected is still unclear, but, given that high-fidelity repair predominates at most sites, it is likely the norm, while frequent mutation as observed at the Ig loci is the special case.
AID-dependent demethylation in lower vertebrates
The AID model of demethylation received a measure of in vivo validation from work in D. rerio early embryos (Rai et al. 2008 ). Introduction of a methylated DNA fragment into single-cell embryos induces expression of AID along with related putative cytidine deaminases Apobec2a and Apobec2b. Additionally, overexpression of AID along with the T-G glycosylase MBD4 leads to efficient demethylation of a methylated DNA fragment, with observable conversion of 5-mC to T. Morpholino knockdown of AID or MBD4 in D. rerio single-cell stage embryos results in hypermethylation of the promoter of the neurogenesisrelated transcription factor neurod2 at 80% epiboly. While the large number of cell divisions between morpholino injection and the observed difference in methylation at neurod2 seems to point toward a passive mechanism, both AID and MBD4 were also detectable at the locus by chromatin immunoprecipitation (ChIP), suggesting that the promoter's methylation state was dynamic through development and not just the result of perturbations at the single-cell stage. Consequently, AID morphants displayed severe defects in neurogenesis consistent with decreased neurod2 expression. The tissue-and locus-specific phenotype suggests that active demethylation may serve as a mechanism for regulating specific lineage decisions, as opposed to only resetting methylation state grossly in the zygote and germline.
Intriguingly, Rai et al. (2008) also found that the Gadd45 family of proteins, previously implicated in active demethylation in X. laevis (Barreto et al. 2007) , were involved in AID-dependent demethylation. Combined knockdown of four of the six Gadd45 family members found in zebrafish sharply reduced demethylation of a reporter and increased methylation of the genome as a whole. It was thus suggested that Gadd45 serves as a scaffold to couple AID and MBD4, supported by the facts that Gadd45a promotes their association with a methylated reporter plasmid and that the three proteins also coimmunoprecipitate. The apparent physical interaction of AID and MBD4, enforced by Gadd45, provides a potential mechanism for the tight coupling of deamination to repair that would be necessary for demethylation without attendant widespread mutation, as has been noted (Law and Jacobsen 2010) .
AID-dependent demethylation in mammalian PGCs
Although there is no direct evidence for deaminase-dependent effects on cytosine methylation in mammalian somatic tissue, a recent study has implicated AID in establishment of the hypomethylated state of mouse PGCs (Popp et al. 2010) . In this study, genomic DNA from sperm, total fetus, placenta, and male and female embryonic day 13.5 (E13.5) PGCs from wild-type and Aicda Excision of thymine by either of the mammalian T-G-specific glycosylases (TDG or MBD4) and subsequent error-free replacement with cytosine would yield loss of methylation at that base on one strand. (C) Deamination of cytosine followed by excision of uracil and error-free long-patch BER could lead to replacement and net demethylation of neighboring 5-mCs.
2008). The resulting data provide a genome-wide map of cytosine methylation at single-nucleotide resolution. While a lack of sequencing depth precluded quantitative measures of methylation for every genomic cytosine, the coverage was sufficient to detect a significant increase in methylation in Aicda À/À PGCs. This difference was more pronounced for female than male PGCs, and was roughly homogeneous throughout the genome. The broad nature of the methylation increase implies that AID functions without regard to specific loci, and thus is a plausible component of germline methylation erasure.
While the evidence that AID has a role in demethylation is suggestive, there are still considerable caveats. Most significantly, a recent report detected no AID expression in mouse PGCs at E11.5, although a small level of AID expression was observed at E12.5 (Hajkova et al. 2010) . As the epigenetic reprogramming of PGCs begins at E11.5, AID cannot be the sole agent of demethylation. This idea is consistent with the occurrence of significant, albeit reduced, demethylation in the PGCs of Aicda À/À mice compared with somatic cells. Whether AID-independent demethylation in these cells is a result of 5-mC deamination by another member of the AID/APOBEC family or is due to any of the mechanisms mentioned above is an open question. It is also possible that the AID/APOBEC family of deaminases have differing target gene preferences for demethylation, and thus play complementary roles in the genome-wide removal of cytosine methylation.
Another issue raised by these results is the functional importance of the observed PGC hypermethylation, as Aicda À/À mice are fully viable. Even if AID were the sole agent of active demethylation, it is not clear that loss of this mechanism would result in a drastic phenotype. This view is supported by evidence from A. thaliana, in which loss of all three 5-mC-removing glycosylases in vegetative tissue leads to viable plants displaying increased methylation only at certain loci, and no genome-wide increase (Penterman et al. 2007) . As DNA methylation is essential for parental imprinting, Popp et al. (2010) suggested that the consequences of PGC AID deficiency may lie in retention of a parental-like epigenetic state. Data supporting this view lies in a small but significant difference that exists between wild-type and Aicda À/À mice in the relationship between litter size and birth weight. In normal mice, pups that are part of large litters tend to have lower birth weights, while in Aicda À/À mice this compensation is absent (Popp et al. 2010) . Hypermethylated elements responsible for this phenotype have not been identified. New technologies for methylation-sensitive highthroughput sequencing (Flusberg et al. 2010 ) and the decreasing cost of ''traditional'' deep sequencing should make the quantitative, single-nucleotide resolution studies of PGC methylation feasible in the near future to address this question.
AID-dependent demethylation in heterokaryons
Corroboration of AID's capacity to demethylate DNA in mammalian cells came in a recent study of reprogramming during interspecies heterokaryon formation (Bhutani et al. 2010) . This system uses polyethylene glycol fusion of mouse ES cells with human fibroblasts to induce reprogramming of the human nucleus to an ES-like state with high frequency. Because reprogramming is known to involve demethylation, heterokaryon formation allows for study of demethylation in mammalian cells, albeit in a nonphysiological context. Knockdown of AID was found to significantly inhibit reprogramming, as measured by transcript levels of the pluripotency markers Oct4 and Nanog. Methylation of the promoters of these genes was also significantly increased as a result of reduced levels of AID. As heterokaryons are nondividing, AID-dependent demethylation in this system is necessarily active.
AID is known to act only on ssDNA, which presumably occurs transiently in vivo during transcription ). Yet AID-dependent demethylation clearly occurs at the promoters of silenced genes in heterokaryons in the absence of replication. Whether these promoters share distinguishing structural features that would give rise to transient ssDNA, such as Z/B DNA junctions (de Rosa et al. 2010) or other non-B structures (Raghavan et al. 2004) , is not known. However, at least for the limited number of genes studied, there seems to be no clear relation between AID occupancy and transcription: While Oct4 and Nanog are both transcribed and occupied, Tp53 is transcribed but not occupied, and the constant (C) region of IgH is occupied but presumably not transcribed (although this was not investigated). Additionally, AID could be found by ChIP at the human fibroblast Oct4 and Nanog loci, but not at the same genes in the mouse ES nuclei. This provides evidence for AID's (or an AID-containing complex's) affinity for silenced (or at least methylated) genes. Whether this affinity is caused by inherent tendency of AID to bind 5-mC or a more intricately targeted system of reprogramming toward pluripotency also active in PGCs remains to be determined. Whatever the case may be, the behavior of AID in heterokaryons likely has implications for the biology of PGCs, and likely B cells as well.
Future directions
In certain lower vertebrates, AID appears to be involved in a process other than antibody diversification. Although the early embryos of X. laevis and D. rerio provide a more accessible in vivo system for studying active demethylation, the discrepancies between findings in these lower vertebrates and mammals calls into question the existence of a single demethylation mechanism shared between these groups. In particular, there is no evidence that any member of the Gadd45 family is involved in mediating demethylation in mammals. While Gadd45a overexpression alone has been shown to promote demethylation in X. laevis (Barreto et al. 2007) , and is required for AID-and MBD4-dependent demethylation in zebrafish, it also appears to be dispensable for normal regulation of cytosine methylation in mice (Engel et al. 2009 ). Furthermore, the gene is not expressed in the mouse oocyte (Jin et al. 2008) , precluding its involvement in post-fertilization paternal genome demethylation. One hypothesis that would account for the differences between observations in mice and zebrafish is that AID is redundant with other APOBEC family deaminases in demethylation (Morgan et al. 2004) . Phylogenetics lends some support to this idea, as there are several members of the APOBEC gene family that first appear in eutherians (Conticello et al. 2005) .
Even restricting the discussion to mammalian systems, there are significant questions regarding AID's role in demethylation. If AID is acting as a demethylase in PGCs and heterokaryons, the question arises as to whether it does the same in B cells, given that there is enough AID in activated B cells to mutate a number of non-Ig loci (Liu et al. 2008 ) and cause double-stranded breaks throughout the genome in the absence of proper DNA repair (Hasham et al. 2010) . One possible explanation is that there are yet unidentified cell type-specific cofactors of AID that either promote demethylation in pluripotent cells or suppress this activity in B cells. It is also conceivable that demethylation might occur in B cells at some rate, with the effect being less dramatic due to more frequent DNA methylation, resulting in a dynamic equilibrium.
Whatever the case, AID's likely role in demethylation is pertinent to those interested in epigenetics, development, and immunology. The identification of a promising candidate for vertebrate DNA cytidine demethylase has raised more questions than it has answered; elucidation of the particulars of AID's relationship to DNA demethylation will surely be the subject of much inquiry in the coming years.
